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Tooth replacement in polyphyodont is a well-organized system for maintenance of homeostasis of teeth,
containing the dynamic structural change in skeletal tissues such as the attachment bone, which is the
supporting element of teeth. Histological analyses have revealed the character of tooth replacement,
however, the cellular mechanism of how skeletal tissues are modiﬁed during tooth replacement is largely
unknown. Here, we showed the important role of osteoblasts for controlling osteoclasts to modify the
attachment bone during tooth replacement in medaka pharyngeal teeth, coupled with an osterix-DsRed/
TRAP-GFP transgenic line to visualize osteoblasts and osteoclasts. In the turnover of the row of attach-
ment bones, these bones were resorbed at the posterior side where most developed functional teeth
were located, and generated at the anterior side where teeth were newly erupted, which caused con-
tinuous tooth replacement. In the cellular analysis, osteoclasts and osteoblasts were located at attach-
ment bones separately, since mature osteoclasts were localized at the resorbing side and osteoblasts
gathered at the generating side. To demonstrate the role of osteoclasts in tooth replacement, we es-
tablished medaka made deﬁcient in c-fms-a by TALEN. c-fms-a deﬁcient medaka showed hyperplasia of
attachment bones along with reduced bone resorption accompanied by a low number of TRAP-positive
osteoclasts, indicating an important role of osteoclasts in the turnover of attachment bones. Furthermore,
nitroreductase-mediated osteoblast-speciﬁc ablation induced disappearance of osteoclasts, indicating
that osteoblasts were essential for maintenance of osteoclasts for the proper turnover. Taken together,
our results suggested that the medaka attachment bone provides the model to understand the cellular
mechanism for tooth replacement, and that osteoblasts act in the coordination of bone morphology by
supporting osteoclasts.
& 2015 Elsevier Inc. All rights reserved.1. Introduction
To understand the dynamic system for maintaining the
homeostasis of organ is one of the main ﬁelds in developmental
biology. Tooth replacement in polyphyodont is a well-designed
system to maintain the homeostasis of teeth; polyphyodont ani-
mals like ﬁsh can replace their teeth continuously throughout
their life (Reif, 1982). In polyphyodont, the dentitions are usually
organized with tooth families that are consisted of functional teeth
and successional tooth germs (Reif, 1982), where old functional
teeth are shed, and tooth germs move to take place of lost teeth for
tooth replacement (Berkovitz, 2000; Bermis et al., 2005).
Like other non-mammalian vertebrates, the medaka ﬁsh is
polyphyodont (Parenti, 1987). Medaka has thousands of functional
teeth in the pharyngeal region, which are assembled as themultiple rows (Atukorala et al., 2010), while functional teeth are
connected to their supporting skeletal tissues, called attachment
bones, and successional tooth germs do not have any skeletal
support. Moreover, tooth families and the tooth replacement are
shown in medaka (Abduweli et al., 2014). These reports imply that
attachment bones have to be continuously modiﬁed correspond-
ing to the shedding and eruption of teeth during tooth replace-
ment, however, the cellular mechanism showing the control of
such a dynamic change in skeletal tissues is left to be unknown.
Previously, we found that many multinuclear osteoclasts are
localized on attachment bones (Nemoto et al., 2007). Osteoclasts
are bone resorbing cells acting with bone forming osteoblasts for
the modiﬁcation of skeletal tissues by bone modeling or re-
modeling, indicating the possibility that the modiﬁcation of at-
tachment bones during tooth replacement is achieved by osteo-
clasts on these bones, while their function coupled with differ-
entiation has not been investigated.
Although recognition of skeletal tissues by osteoclasts for the
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lated by surrounding cells in bone is found as follows. The inter-
action between osteoclasts and osteoblasts is important for os-
teoclast differentiation; the in-vitro study shows that when co-
cultured with osteoblasts, macrophage-like osteoclast progenitors,
driven by macrophage colony-stimulating factor (M-CSF) from
bone marrow cells, differentiate into TRAPþ mononuclear osteo-
clasts, and then into multinuclear osteoclasts by cell fusion (Ta-
keshita et al., 2001). Also, the study about Runx2-deﬁcient mice
reveals that the osteoblast has a crucial role on osteoclast differ-
entiation; only mononuclear TRAP-positive cells are detected in
the periosteum during early skeletogenesis in the mice, though
osterix-deﬁcient mice have multinuclear osteoclasts (Nakashima
et al., 2002).
Earlier, we found that during skeletogenesis of the vertebral
body in medaka, osteoclasts have properties similar to those of
mammals, as they are differentiated from TRAPþ and CTSKþ
mononuclear cells into multinuclear osteoclasts (Kudo, 2011;
Chatani et al., 2011). Furthermore, c-fms (the receptor of M-CSF)-
deﬁcient zebraﬁsh show a reduced number of osteoclasts, result-
ing in a bone modeling defect, which indicates the essential
function of M-CSF and c-fms in ﬁsh as well as in mammals (Chatani
et al., 2011), suggesting that the basic molecular mechanism in
differentiation of osteoclasts is common between mammals and
lower vertebrata, and the interaction between osteoclasts and
osteoblasts has a crucial role for osteoclast differentiation to de-
velop the corrective skeletal structure in medaka as well.
Here, we demonstrated the cellular mechanism for the turn-
over of attachment bones during tooth replacement, which
showed a high rate of systematic modiﬁcation of bony tissues in a
simple structure, along with visualization of osteoblasts and os-
teoclasts. To visualize osteoblasts and osteoclasts in-vivo, we pre-
viously developed a medaka osterix promoter-DsRed transgenic
line for visualization of osteoblasts (Inohaya et al., 2010) and a
medaka TRAP promoter-GFP transgenic line for that of osteoclasts
(Chatani et al., 2011). Finally, we established a double transgenic
line of osterix-DsRed and TRAP-GFP (Chatani et al., 2015) to ex-
amine the cooperation between osteoblasts and osteoclasts in the
same animal in vivo. Our present results showed that osteoclasts,
which had differentiated from c-fmsþ osteoclast progenitors, were
exclusively localized on the developed attachment bones and that
osteoblasts were mainly localized on the newly generated at-
tachment bones. Osteoblast ablation induced disappearance of
osteoclasts, which is a new ﬁnding conﬁrming the communication
between osteoblasts and osteoclasts in the turnover of attachment
bones.2. Materials and methods
2.1. Fish strains and maintenance
Cab, an inbred wild-type strain of the medaka (O. latipes), was
used throughout this study. The ﬁsh were kept under a photo-
period of 14-h light/10 h dark at 28 °C. Eggs were obtained by
random crossing and kept at the same temperature. Embryos were
incubated at 30 °C after collection and then staged according to
the Iwamatsu stages (Iwamatsu, 2004). For the larval experiment,
larvae were incubated at 30 °C after hatching. For the breeding
adult ﬁsh, larvae were incubated at room temperature after
hatching.
2.2. Histological and histochemical examination of pharyngeal bones
Fish over 3 months old were used as adult ﬁsh. Adult ﬁsh were
deeply anesthetized by using 3-aminobenzoic aced ethyl ester, andthey were then sacriﬁced for isolation of their pharyngeal bones.
These isolated bones were ﬁxed overnight at 4 °C in (PFA) in
phosphate-buffered saline pH 7.4 (PBS) containing 4% paraf-
ormaldehyde (PFA). The ﬁxed bones were directly dehydrated by
liquid resin (Technovit8100, Heraeus Kulzer, Wehrheim) and em-
bedded in Technovit8100 with coagulant (Hater, Heraeus Kulzer,
Wehrheim). Sections were cut at 4 mm, and ﬂuorescence micro-
scopy was used to detect the ﬂuorescence of DAPI, GFP, and DsRed.
Sections were stained with methylene blue for bright-ﬁeld ob-
servation. Staining for TRAP activity was performed as previously
reported (Chatani et al., 2011).
2.3. Bone staining
For in vivo staining of calciﬁed bones, adult ﬁsh were treated
with calcein (0.05%, Sigma) or Alizarin Complexone (0.025%, Wako
Pure Chemical, Osaka, Japan) for 1 h at 30 °C. Larvae at the desired
developmental stage were grown in medium containing the same
concentration of calcein for 24 h or of Alizarin Complexone for
12 h, either one at 30 °C. After the staining solution had been
washed out, the larvae were anesthetized by using 3-amino-
benzoic aced ethyl ester and ﬁxed with 4% PFA. The ﬁxed samples
were thereafter soaked in 50% glycerol, and pharyngeal bones
were isolated from the samples. Alizarin red staining was per-
formed as previously described (Ohisa et al., 2010).
2.4. Whole-mount RNA in situ hybridization
Samples were ﬁxed in 4% PFA overnight at 4 °C. Whole-mount
RNA in situ hybridization was performed as previously described
(Nemoto et al., 2007). The digoxigenin-UTP-labeled RNA probe for
TRAP was obtained as previously described (Nemoto et al., 2007).
To synthesize osterix, DSPP, MMP9, and c-fms-a probes, we am-
pliﬁed the partial cDNA fragments of these genes by using the
following sets of oligonucleotide primers: osterix F, 5′-ACTGT-
CAGGAGCTGGAAAGACTG-3′, and osterix R, 5′-AGATCTCCAA-
CAATCCACTGCTG-3′; DSPP F, 5′-TTCGGAGCTTCAGAGCTCTGAGG-3′,
and DSPP R, 5′-CCTCATCTGGCGTCATCAGTCCG-3′; MMP9 F, 5′-
CTGCTCTCCCAGCTGTTATTG-3′, and MMP9 R, 5′-GAAATTTGCT-
GACCCGTATGA-3′; and c-fms-a F 5′-CTGAAGCTGATCCAGGATGC-3′;
and c-fms-a R 5′-TCAGCAAAACTGATAGTTGTTAGTCTTC-3′.
A full-length cDNA fragment and the probe of type X collagen
were obtained by methods previously reported (Yasutake et al.,
2004, Nemoto et al., 2007).
2.5. Drug treatment
For osteoblast ablation, ﬁsh were kept in the dark at 30 °C
during the metronidazole (Sigma) treatment, and the solution was
refreshed once a day. The larvae were incubated with 5 mM me-
tronidazole for 2 or 3 days, whereas the adult ﬁsh were treated
with 5 mM metronidazole for 24 h at the 1st and 3rd day in the
3-day experiment or at 1st, 3rd, and 5th day in the 5-day one. For
osteoblast ablation and restoration, larvae were incubated with
5 mMmetronidazole for 2 days, and then they were put into water
in a tank.
2.6. Semi-quantitative RT-PCR
Total RNA was extracted from left upper and lower pharyngeal
bones by using TRIzol (Invitrogen). Total RNA of 0.5 μg extracted
from each sample was used for synthesis of a cDNA library by
using PrimeScript RT reagent Kit with gDNA Eraser (TaKaRa, Ku-
satsu, Japan). The following primers were designed based on the
Ensembl genome browser:
GAPDH F, 5′-CTTGGATACACAGAGGACCAGG-3′, and GAPDH R,
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CTTGCT-3′, and TRAP R, 5′-GCTCAGAGTCTTCCCCGTGT-3′; RANKL F,
5′-TGCTTCCGCCACTACAACCT-3′, and RANKL R 5′-TGCCGTTTTGCCT
GATGCTC-3′.
2.7. Establishment of transgenic lines
2.7.1. c-fms-a-EGFP
The fosmid clone golwfno31_o03 including the c-fms-a geno-
mic locus was obtained from ensemble database and utilized for
homologous recombination with an EGFP-kanamycin cassette by
using the protocol previously described (Nakamura et al., 2008).
The EGFP cassette was ampliﬁed by using the following primers:
5′-AGTTTCAGCCCTGTTTGACTTTGGATCTGCAGAACTGAAGCTGA
TCCAGGTCCACCGGTCGCCACCATGG-3′ (forward) and 5′-TGCGCCC
AAAAAAGAAAGGATGGAAGAAAAGCAGGGGAAATCTTGCTTACGAGG
CTATGGCAGGGCCTGC-3′ (reverse). The underlines show the
homologous recombination sites. The PCR products were re-
combined into exon 1 of the medaka c-fms-a gene.
2.7.2. ColX-EGFP-NTR
The fosmid clone golwfno181_n17 was used for generating
ColX-EGFP-NTR transgenic animals. The EGFP-NTR-kanamycin
cassette for homologous recombination was ampliﬁed by using
following primers:
5′-CTTTCAAACTGACTGCAGTTGTCTTCTCCAAACAGATCTGACCTT
GCAAGTCCACCGGTCGCCACCATGG-3′ (forward) and 5′-CTTTGTTT
GTGTTTGAAAGTGCGTGTGCAAGGAGTCTGCATTTTTCTTACGTCGAC-
CAGTTGGTGATTTT-3′ (reverse). The underlines show the homo-
logous recombination sites. The PCR products were recombined
into exon 1 of the medaka type X collagen gene.
The recombined fosmid clone was injected into the cytoplasm
of embryos at the 1-cell stage. The embryos showing a transiently
strong expression of the exogenous gene were allowed to grow to
adulthood. We then checked the EGFP expression in the next
generation, and picked an embryo having stable integration of the
injected construct.
2.8. Establishment of a c-fms-a mutant with TALENs
We performed TALEN-induced mutagenesis in medaka as re-
ported (Ansai et al., 2014). Brieﬂy, up to 6 TAL effector modules (NI
for A, HD for C, NN for G, and NG for T) were cloned into the array
plasmid pFUS (Cermak et al., 2011), and then the resulting repeat
arrays were cloned into the expression vector pCS2TAL3DD or
pCS2TAL3RR (Dahlem et al., 2012). The assembled RVD modules
for each target site and the deletion sequence in the c-fms-a mu-
tant are described in Supplementary Table 1. For genotyping of the
mutant, we used primers 5′-GCAGGTACATCCTATTTTCTGGTT-3′
(forward) and 5′-TGACCTCACTCACCTTTCACA-3′ (reverse). After
ampliﬁcation of the DNA sequence by the PCR method, the PCR
products were digested with Pst1 restriction enzyme (TakaRa,
Kusatsu, Japan).
2.9. TUNEL staining
Larvae treated with metronidazole for 2 days were ﬁxed with
4% PFA. The samples were gradually dehydrated by methanol and
stored at 30 °C. For TUNEL staining, samples in methanol were
rehydrated, and treated with 10 μg/ml Proteinase K. After that, the
samples were re-ﬁxed with 4% PFA and then treated with 0.1%
sodium citrate and 0.1% Triton X-100 on ice. Thereafter, they were
reacted with the reaction mixture containing a substrate and an
enzyme for TUNEL staining (Roche).3. Results
3.1. Anatomy of teeth and bones in the pharyngeal region
To investigate the structure of bony tissues in the pharyngeal
region, we ﬁrst performed Alizarin red staining of upper and lower
pharyngeal bones isolated from adult medaka.
Pharyngeal bones have about a thousand of functional teeth
that are assembled to generate multiple rows (Fig. 1A and B, ar-
rowheads, Fig. 1C, white broken line). Functional teeth (Fig. 1C,
arrows) and its successional tooth germs which were located
posterior to the teeth (Fig. 1C, arrowheads) were aligned to make
the tooth family (Fig. 1C, yellow broken line box, Supplementary
Fig. 1A) along with the axis having a special angle (Fig. 1C, A′, and P
′). A functional tooth is a complex of a pharyngeal tooth and an
attachment bone, in which a conical pharyngeal tooth was con-
nected with a cylindrical attachment bone via connecting tissues
(Fig. 1D, Supplementary Fig. 1B). The tooth germs at early- to mid-
stage of development did not have a function of bony support,
however with the progression of development, an attachment
bone was formed under a tooth germ and allowed it to become a
functional tooth (Fig. 1E and F).
During tooth replacement, attachment bones have to be mod-
iﬁed in relation to shedding, movement and eruption of teeth,
however, the mechanisms of these modiﬁcations have been left to
be unknown in medaka. To investigate the turnover of attachment
bones during tooth replacement, we prepared horizontal sections
at the level of a tooth germ and an attachment bone to visualize
their skeletal structures (Fig. 1G). From the histological analysis,
we divided the development of the pharyngeal tooth into 6 stages:
tooth germs from stages i to iii and functional teeth from stages I–
III (Fig. 1H, I, and Supplementary Fig. 1C). In the row of functional
teeth, teeth were developed from stage I to III, thus the most de-
veloped teeth at stage III were located at the most anterior side. At
stage I, an attachment bone at the posterior side was thin (broken
line at stage I in Fig. 1H) and partially connected to an existing
bone at the anterior side (line at stage I in Fig. 1H), suggesting that
a posterior half of this bone was newly generated to make its cy-
lindrical structure. Then, at stage II, an attachment bone became
cylindrical. Finally, at stage III, an attachment bone at the anterior
side became fragmentary, resulting in collapse of the cylindrical
structure (arrowhead at stage III in Fig. 1H). From these data, we
hypothesized that the turnover of the attachment bone was
caused by bone formation at the posterior side and bone resorp-
tion at the anterior side in the row.
3.2. Turnover of attachment bone during tooth replacement
To examine the turnover of attachment bones, we performed
pulse labeling by treating ﬁsh with calcein and Alizarin Com-
plexone (ALC; Fig. 2). As calcein and ALC label the surface of
forming bones, we could trace the process of bone formation
(Inohaya et al., 2007).
After a 1-h treatment with calcein, we immediately collected
pharyngeal bones (0 day post treatment: 0 dpt; Fig. 2A) or kept the
ﬁsh in fresh water for 7 or 14 days and concomitantly re-labeled
them with ALC (7 dpt and 14dpt; Fig. 2A). At 0 dpt, calcein-labeled
attachment bones were mainly located at the posterior side of the
row of functional teeth (Fig. 2A, top panel). At 7 dpt, calcein-la-
beled attachment bones were located at the middle of the row
(Fig. 2A, middle panel). Finally, most of the calcein-labeled at-
tachment bones disappeared, and only a few of them remained at
the anterior side of the row (Fig. 2A, bottom panel).
Considering that the number of attachment bones consisting of
the row did not change, though ALC-labeled attachment bones
were generated at the posterior side, these data suggested that the
Fig. 1. Anatomy of attachment bones and teeth. (A and B) Occlusal views of attachment bones and teeth at the upper right (A) and the lower left (B) stained with Alizarin red.
Functional teeth were assembled to make the rows (arrows). (C) Magniﬁed view of the boxed area in “A.” Tooth germs (arrowheads) were aligned posterior to functional
teeth (arrows) to make a tooth family (yellow broken line box). The angled axis of the tooth family is indicated by A′ (anterior) and P′ (posterior). The white broken line
indicates the area of Alizarin red positive attachment bones and teeth. (D and E) Frontal views of functional teeth and tooth germs. Pharyngeal teeth were connected to
attachment bones by ﬁbrous tissues (D, arrowhead). pt: pharyngeal tooth; ab: attachment bone. A tooth germ (E, broken line) did not have an attachment bone. (F) Sagittal
section of a functional tooth and a tooth germ. g: tooth germ. (G) Horizontal section of attachment bones and tooth germs. i–iii and I–III indicate teeth at the developmental
stages shown in the table in “I.” The developed teeth were located anteriorly. (H) Magniﬁed views of the developmental stages of the teeth in “G.” The broken line indicates
the attachment bone at the posterior side, and the line indicates the attachment bone at the anterior side. The arrow indicates a newly generated attachment bone; and the
arrowhead, a fragmentary attachment bone. (I) Table presenting the properties of teeth and attachment bones at the various developmental stages. Methylene blue staining
was performed to detect nuclei (F–I). Scale bars: 200 μm (A and B), 50 μm (C–G), and 20 μm (H).
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Fig. 2. Turnover of attachment bones during tooth replacement as revealed by pulse labeling. (A) Horizontal sections of labeled attachment bones in adult ﬁsh around
5 months old at 0 day post treatment (dpt), 7 dpt, and 14 dpt. Arrowheads indicate calcein-labeled attachment bones. Arrows indicate Alizarin Complexone (ALC)-labeled
attachment bones. (B) Diagram of the turnover of attachment bones. Attachment bones were resorbed at the anterior side, and new attachment bones were generated at the
posterior side in the row. (C) Sagittal sections of the site for tooth replacement at 7 dpt. Asterisks indicate the area of bone resorption. Arrowheads indicate newly erupting
teeth. The broken line indicates a connection part. (D) Diagram of tooth replacement. At stage III, the attachment bone at the anterior side (black box) was resorbed, and the
tooth (gray triangle) was shed into the anterior side because of loss of support. The remaining attachment bone (gray box) was used to support a newly erupted tooth
(orange triangle). A new attachment bone at the posterior side was generated under the erupted tooth (red box). Scale bars: 50 μm (A), and 20 μm (C).
A. Mantoku et al. / Developmental Biology 409 (2016) 370–381374attachment bones were resorbed at the anterior side (Fig. 2B).
3.3. Pharyngeal bone development in larvae
To trace tooth replacement, we examined the larval pharyngeal
bone development, because teeth in the larval pharyngeal region
are distinguishable and the movement of a speciﬁc tooth is easily
traced; whereas in the adult pharyngeal region, there are too
many teeth to trace.
At ﬁrst, we performed Alizarin red staining of larvae of various
ages and found that pharyngeal bones developed in size without a
change in shape (Supplementary Fig. 2A). As pharyngeal bones
developed, the number of the row of functional teeth was in-
creased. Considering that rows moved posteriorly by the turnover
of attachment bones in the adult (Fig. 2B), a new row was gener-
ated at the most anterior region of pharyngeal bones, where the
space was produced by a posterior movement of the existing rows
(Supplementary Fig. 2B).
At 1 dph larva, 7 tooth families were observed in pharyngeal bones
(Supplementary Fig. 2C–E). These families were arranged in 3 rows,and we named the most posterior row as the 1st row. The 1st row
consisted of 3 families, and we named the medial family as the 1st
family, the middle one as the 2nd family, and the lateral one as the 3rd
family (Supplementary Fig. 2C). We focused on tooth germs in the 1st
row–2nd tooth family (1–2 tooth family, Supplementary Fig. 2D) and
traced their development. To trace these tooth germs, we performed
pulse labeling to just hatched larvae by a method similar to that used
for adult ﬁsh (Supplementary Fig. 2F). In the larval pharyngeal region,
calcein incorporation for 24 h labeled all teeth in tooth germs at stages
ii and iii and attachment bones. At 0 dpt, when the larval age is 1 dph,
2 tooth germs were labeled with calcein in the 1–2 tooth family
(Supplementary Fig. 2F, lower panel). In the beginning, these 2 tooth
germs did not have attachment bones at 0 dpt. Due to development,
attachment bones were generated under tooth germs to produce
functional teeth. Labeled teeth gradually changed their location in
tooth families anteriorly; and ﬁnally, they disappeared at 9 dpt. These
results suggested that although an individual tooth did not change its
position, the development stages were altered with changing its re-
lative location in the tooth family anteriorly.
Fig. 3. Localization of osteoclasts and osteoblasts on attachment bones. Osteoclasts and osteoblasts were demonstrated with the ﬂuorescent signals of TRAP-GFP and osterix-
DsRed, respectively. (A) Occlusal view of pharyngeal bones isolated from the osterix-DsRed/TRAP-GFP double transgenic (Tg) line. (B) Horizontal sections of pharyngeal bones
isolated from the double Tg line. Nuclear DNA was detected with DAPI staining. (B, upper panel) Multinuclear osteoclasts were located at the anterior side of the row (white
arrowhead). Mononuclear osteoclasts were located at the middle of the row (red arrowhead). No osteoclasts were found at the posterior side of the row (arrow). (B, middle
panel) Osteoblasts gathered at the posterior side of the row (arrow). (B, lower panel) Merged view of GFP and DsRed. I–III indicate teeth at the developmental stages shown
in Fig. 1I. (C) Magniﬁed views of teeth marked by I–III in the lower panel of “B”. I′–III′ show the merged view of GFP (green) and nuclear (white) signals in the same area to I–
III, respectively. Red arrowheads indicate nuclei of osteoclasts. Scale bars: 200 μm (A), 50 μm (B), and 20 μm (C).
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Fig. 4. Localization of osteoclast progenitors expressing c-fms-a at attachment bones. (A and B) GFP signals in the c-fms-a-GFP transgenic line and mRNA expression of c-fms-a. (A) GFP
signals in the c-fms-a-GFP transgenic line at stage I (left panel) and ii (middle panel) reﬂected mRNA expression of c-fms-a (right panel). GFP and mRNA signals were detected on
attachment bones at the anterior side (white arrowhead), at the inside of attachment bones (red arrowhead), and at the bottom of tooth germs (red arrow). (B) GFP signals in the c-
fms-a-GFP transgenic line at a shedding tooth (arrowhead) reﬂected mRNA expression of c-fms-a. (C) GFP and DsRed signals of the c-fms-a-GFP/TRAP-DsRed double transgenic line. GFP
(C, upper panel) and DsRed signals (C, middle panel) were merged (C, lower panel) on attachment bones (arrowheads). (D) Magniﬁed views of teeth in “C” at each developmental
stage. The numbers at the upper left of ﬁgures (i–iii, I–III) indicate developmental stages of the tooth shown in Fig. 1I. I′ and III′′′ show the merged view of GFP (green) and nuclear
(white) signals in the same area as I and III, respectively. The white arrowhead indicates a GFP-positive/DsRed-negative cell; and the white arrow, a GFP-positive/DsRed-positive cell.
Red arrowheads indicate nuclei of osteoclasts. (E) GFP and DsRed signals in attachment bones in the c-fms-a-GFP/osterix-DsRed transgenic line. (F) Magniﬁed view of boxed the area in
“E”. Arrowheads indicate GFP-positive cells that were located on the outside of a newly formed attachment bone to be next to DsRed-positive osteoblasts. Scale bars: 50 μm (A, C, and
E), 20 μm (B, D, and F).
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To investigate the relationship between the tooth replacement
and the turnover of the attachment bone, we prepared sagittal
sections of teeth at stage III (Fig. 2C, Fig. 1I). At the early phase of
stage III, the attachment bone at the anterior side became frag-
mentary (Fig. 2C, left panel). Subsequently, at the late phase of
stage III, this bone was resorbed (Fig. 2C, middle panel); and a
tooth germ at stage iii had just erupted next to the tooth at stage III
(Fig. 2C, arrowhead). Furthermore, a connection part was gener-
ated under a newly erupted tooth, by which the remaining at-
tachment bone at stage III was reused as a new attachment bone at
stage I (Fig. 2C, right panel). At the same time, an ALC-labeled new
attachment bone was generated under the tooth at stage I. To-
gether, these data suggested that the tooth germs erupted by using
old attachment bones for scaffolds, and the teeth were shed by
resorption of their attachment bones (Fig. 2D).
3.5. Localization of osteoclasts and osteoblasts for generation of at-
tachment bones
To investigate whether osteoclasts and osteoblasts were re-
sponsible for the turnover of attachment bones, we observed os-
teoclasts and osteoblasts on these bones in the row by using an
osterix-DsRed/TRAP-GFP double transgenic line, which allows vi-
sualization of osteoblasts labeled with DsRed and that of osteo-
clasts marked with GFP (Fig. 3A). We found that osteoclasts were
located at the anterior side in the row, whereas osteoblasts were
located at the posterior side (Fig. 3B). These locations reﬂected the
expression of mRNAs of osteoblast and osteoclast markers: type X
collagen and osterix, for osteoblasts, were mainly expressed on
attachment bones at the posterior side; and TRAP and MMP9
mRNAs, for osteoclasts, were expressed on attachment bones at
the anterior side (Supplementary Fig. 3).
At stage I, osteoblasts gathered on the generating attachment
bones, and mononuclear osteoclasts started to be localized on the
inside of attachment bones, but were never seen on the outside of
generating attachment bones (Fig. 3C, I, and I′). Subsequently, at
stage II, mononuclear osteoclasts and osteoblasts were found on
attachment bones (Fig. 3C, and II). Finally, at stage III, multinuclear
osteoclasts had emerged and were localized one attachment bones
(Fig. 3C, and III). Especially, large multinuclear osteoclasts envel-
oped the shed pharyngeal teeth or fragmentary attachment bones
(Fig. 3C, and III′). Taken together, the localization of osteoclasts and
osteoblasts was gradational along the tooth developmental stages;
i.e., osteoblasts were mainly localized on newly generated at-
tachment bones at stage I, and mature osteoclasts were pre-
ferentially localized on most developed attachment bones at stage
III.
To function correctly, this system required the following
2 properties: First, osteoclasts differentiate after attachment bones
have been formed at stage I. Secondly, the level of bone formation
and resorption is harmonized. Therefore, we next investigated
how these properties were satisﬁed from the viewpoints of reg-
ulation of osteoclast differentiation and of interaction between
osteoclasts and osteoblasts.
3.6. Osteoclast progenitors in tooth germs
To identify osteoclast progenitors in attachment bones, we es-
tablished a reporter transgenic line of osteoclast progenitors, c-
fms-a-GFP, because c-fms is a typical marker of osteoclast pro-
genitors (Arai et al., 1999). First of all, to examine whether GFP
signals in this transgenic line reﬂected the endogenous c-fms-a
mRNA expression, we performed whole-mount mRNA in-situ hy-
bridization of c-fms-a. As the result, mRNA expression patterns inboth attachment bones in functional teeth and tooth germs were
consistent with GFP signals in the transgenic line (Fig. 4A). GFP
signals around shedding teeth, where multinuclear osteoclasts
were mainly localized, also reﬂected endogenous mRNA expres-
sions (Fig. 4B).
In the c-fms-a-GFP/TRAP-DsRed double transgenic medaka, GFP
signals were detected in teeth at all developmental stages from
tooth germs at stage i to functional teeth at stage III (Fig. 4C and
D). In tooth germs, GFP-positive cells did not express DsRed
(Fig. 4D, i–iii). On the other hand, on attachment bones, GFP-po-
sitive cells did express it (Fig. 4D, I–III). At stage I, GFP-positive
cells on the outside of generating attachment bones did not ex-
press DsRed; however, on the inside of attachment bones, GFP and
DsRed double-positive cells started to emerge (Fig. 4D and I). At
stages I and II, GFP and DsRed double-positive cells were mono-
nuclear (Fig. 4D and I′); but at stage III, some of them had become
multinuclear (Fig. 4D and III′). Both mononuclear and multinuclear
TRAP-DsRed-positive cells expressed GFP, indicating that the c-
fms-a expression was maintained in multinuclear osteoclasts.
Interestingly, in the c-fms-a-GFP/osterix-DsRed transgenic line,
at stage I, GFP-positive cells on the outside of a newly generated
attachment bone were located next to DsRed-positive osteoblasts
(Fig. 4E and F, arrowheads). These data suggested that c-fms-a-
positive/TRAP-negative osteoclast progenitors had possibly inter-
acted with osteoblasts on a newly generated attachment bone at
stage I and thereby differentiated into c-fms-a-positive/TRAP-po-
sitive osteoclasts in the following stages.
3.7. Loss of osteoclasts in the c-fms-a mutant
To conﬁrm the contribution of osteoclast progenitors in the
turnover of attachment bones, we generated a c-fms-a mutant by
use of the TALEN method, since c-fms is the receptor of M-CSF that
is the important factor for proliferation of osteoclast progenitors in
ﬁsh similarly as in mammals (Chatani et al., 2011).
Alizarin red staining of pharyngeal bones of the wild-type (WT)
and the mutant ﬁsh revealed that Alizarin red-positive calciﬁed
tissues occupied the space between rows of functional teeth in the
pharyngeal region of the mutant, although the total size of the
pharyngeal bone was not signiﬁcantly different between WT and
the mutant (Fig. 5A and B).
To examine the presence or absence of osteoclasts in the c-fms-
a mutant, we performed TRAP staining of attachment bones
(Fig. 5C). In the mutant bones, the TRAP-positive area was sig-
niﬁcantly decreased compared with that in WT. Interestingly, Von
Kossa staining revealed that the number of rows of attachment
bones was increased in the mutant (Fig. 5D). In WT, 1 row of
functional teeth was composed of 1 row of attachment bones;
whereas in the mutant, 1 row of functional teeth contained 3 rows
of attachment bones.
To estimate the effect of c-fms-a deﬁciency on differentiation of
osteoclast progenitors, we examined ﬂuorescent signals of c-fms-
a-GFP in WT and the c-fms-a mutant. In the mutant, GFP-positive
cells in the tooth germs similarly remained as in the WT, whereas
these cells on attachment bones were reduced in the number
(Fig. 5E). Furthermore, to investigate the effect of the decreased
number of osteoclasts on osteoblasts, we examined ﬂuorescent
signals of the osterix-DsRed/TRAP-GFP in WT and c-fms-a mutant
ﬁsh. Although GFP signals in the mutant were remarkably reduced,
compared with those of WT, there was no signiﬁcant difference in
the osteoblast number (Fig. 5F–H). Moreover, there was no dif-
ference in the rate of bone formation by osteoblasts (Fig. 5I), de-
monstrating that osteoclasts but not osteoblasts were essential for
proper turnover of attachment bones during tooth replacement.
These data suggested that the loss of osteoclasts caused an im-
balance between bone formation by osteoblasts and bone
Fig. 5. Defect in the turnover of attachment bones in the c-fms-a mutant (c-fms-a /). (A) Occlusal views of pharyngeal bones isolated from the wild-type (WT) and the mutant
stained with Alizarin red. (B) Magniﬁed view of the boxed area in “A”. (C, and D) Osteoclasts in WT and the mutant. (C) TRAP and Von Kossa staining of attachment bones in WT and
the mutant. (D) Magniﬁed view of “C”. (E) GFP signals of the c-fms-a-GFP in WT and the mutant. Broken lines indicate the border of the posterior side of the row. (F) GFP and DsRed
signals of the osterix-DsRed/TRAP-GFP in WT and the mutant. (G) Quantitative analysis of the osteoblast number in WT and the c-fms-a mutant (WT: n¼3, c-fms-a: n¼3, and the
number of osteoblasts in 5 teeth at stage II was counted in each ﬁsh; error bars indicate s.e. m.; n.s. p40.05 vs. WT). (H) Quantitative analysis of the GFP-positive area of the TRAP-GFP
in WT and the c-fms-amutant. (WT n¼3, c-fms-a n ¼3,; error bars indicate s.e.m.; ***po0.001 vs. WT). (I) Pulse-labeling experiment for WT and the mutant. At 7 dpt, 1 row of ALC-
labeled attachment bones (arrows) has been generated posteriorly to calcein-labeled attachment bones (arrowheads) in WT and the mutant. Scale bars: 200 μm (A), 50 μm (B–F, I).
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A. Mantoku et al. / Developmental Biology 409 (2016) 370–381 379resorption by osteoclasts, resulting in disruption of the turnover of
attachment bones during tooth replacement.
3.8. Disappearance of osteoclasts caused by ABLAtIoN OF osteoblasts
Osteoblasts express multiple factors that participate in osteo-
clast differentiation, proliferation, and survival (Takahashi et al.,
2008). To test whether the resorbing activity of osteoclasts would
be altered in response to osteoblast elimination, we established a
ColX-GFP-NTR transgenic line, which enables osteoblast ablation
by treatment with metronidazole (Willems et al., 2012). To ex-
amine whether endogenous type X collagen mRNA expression
would be consistent with GFP signals in this transgenic line, we
performed whole-mount mRNA in-situ hybridization of theFig. 6. Maintenance of osteoclasts by osteoblast support. (A) Live imaging of osteocl
tronidazole treatment. GFP signals (ColX-positive osteoblasts) were remarkably decreased
(arrowheads). (B) Quantitative data on DsRed-positive area at 1 dpt and 3 dpt in TRAP-Ds
at 1 dpt and 3 dpt, respectively; error bars indicate s.e. m.; ***po0.001 vs. control). (C–
enzyme activity in WT (NRT) and ColX-GFP-NTR (NTRþ) transgenic line at 5 dpt. Attach
positive area at 5 dpt in WT and ColX-GFP-NTR adult (NRT n¼4, NTRþ n¼4; error ba
RANKL mRNA extracted from 5 dpt pharyngeal bones in WT (NRT) and ColX-GFP-NTRpharyngeal region, and showed that the GFP signals reﬂected en-
dogenous mRNA expression (Supplementary Fig. 4A and C). In a
ColX-GFP-NTR/osterix-DsRed double transgenic line, GFP signals
are preferentially found in osteoblasts in the pharyngeal region as
well as in the vertebral body (Renn et al., 2013); however, DsRed
signals were also found in odontoblasts which expressed DSPP
mRNA (Supplementary Fig. 4B and C). At ﬁrst, to evaluate whether
osteoblast ablation succeeded, we treated ColX-GFP-NTR larvae
with 5 mM metronidazole and then examined them for GFP
ﬂuorescence. As a result, GFP signals were signiﬁcantly decreased
at 2 dpt (Supplementary Fig. 5A). To test the effect of me-
tronidazole on osteoblasts, we examined osteoblasts under the
condition of osteoblast ablation and restoration (Supplementary
Fig. 6). In this experiment, we treated the ColX-GFP-NTR/osterix-asts in TRAP-DsRed and ColX-GFP-NTR/TRAP-DsRed transgenic larvae during me-
at 2 dpt, and subsequently DsRed signals for osteoclasts became decreased at 3 dpt
Red (NRT) and ColX-GFP-NTR/TRAP-DsRed (NTRþ) larvae (NRT n¼4, NTRþ n¼4
E) Osteoclast disappearance was induced by osteoblast ablation in adults. (C) TRAP
ment bones were visualized by Von Kossa staining. (D) Quantitative data on TRAP-
rs indicate s.e.m.; ***po0.001 vs. WT). (E) Semi-quantitative RT-PCR for TRAP and
(NTRþ). Scale bars: 100 μm (A), 50 μm (C).
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after washing out the reagent, kept them in fresh water. After
2 days in fresh water, DsRed signals had evidently appeared (4 pdt
in Supplementary Fig. 6). Furthermore, to estimate the efﬁciency
of ablation, we performed TUNEL staining by using larval ﬁn rays
in ColX-GFP-NTR transgenic medaka that had been treated with
metronidazole for 2 days. As a result, osteoblasts showed signs of
apoptosis (Supplementary Fig. 5B). In addition, osteoblasts on at-
tachment bones in the adult were ablated by the metronidazole
treatment (Supplementary Fig. 5C). These data indicated that this
ablation system worked adequately.
To observe the effect of osteoblast elimination on osteoclasts,
we treated ColX-GFP-NTR/TRAP-DsRed larvae with metronidazole,
and then performed live imaging of osteoclasts in vivo. As a con-
trol, we employed TRAP-DsRed larvae that had been treated with
metronidazole. Although there was no difference in osteoclast
emergence at 1 dpt, when osteoblasts had not yet been ablated,
DsRed signals were remarkably decreased after the osteoblast
elimination at 3 dpt (Fig. 6A and B). Furthermore, in the case of
ablation of osteoblasts on attachment bones in the adult, the
TRAP-positive area and the endogenous TRAP mRNA expression
were also remarkably decreased (Fig. 6C–E); whereas the RANKL
mRNA expression was not signiﬁcantly changed (Fig. 6E). These
data suggested that osteoblasts produced a factor for maintenance
of osteoclasts during their communication with osteoclasts to keep
the balance of bone formation and resorption.4. Discussion
There has long been the question as to how osteoblasts and
osteoclasts maintain the balance of bone formation and resorption
to form the collective shape of skeletal tissues,　and this question
can only be answered by the analysis in vivo. In this present study,
we found the evidence of communication between osteoblasts and
osteoclasts in the turnover of attachment bones of medaka.
The modiﬁcation of skeletal tissues is achieved by bone re-
modeling or modeling. In bone remodeling, the concept of basic
multicellular unit (BMU) indicates that a coupling factor derived
from osteoclasts after bone resorption induces the bone formation
by osteoblasts at the same site (Sims and Martin, 2014). The re-
newal of bone matrices without any change in the skeletal struc-
ture is achieved by this system. On the other hand, in the mam-
malian bone modeling system, new bone is formed at one site by
osteoblasts and the removal of old bone occurs at another site by
osteoclasts within the same bone in an uncoupled manner (Frost,
1990; Seeman, 2003).
Actually, the turnover of attachment bones is not completely
same to bone modeling in mammals, because the attachment bone
is a part of the dental unit. However, there are common features
between the turnover of attachment bones in medaka and the
bone modeling in mammals (Seeman, 2009; Matsuo and Otaki,
2012; Baron and Kneissel, 2013; Grimston et al., 2013); ﬁrstly, bone
formation and resorption in the turnover of attachment bones
occurred at separate sites of a tooth row, and secondly, a majority
of osteoblasts and that of osteoclasts were localized separately.
Thus, to investigate the function of osteoclasts and osteoblasts in
the turnover of attachment bones gives an opportunity to ﬁnd a
fundamental mechanism of bone modeling. Since the bone mod-
eling system in mammals occurs at the low rate and in a com-
plicated manner, it is difﬁcult to estimate behaviors of osteoblasts
and osteoclasts. By contrast, in the pharyngeal bone of medaka,
the high turnover of attachment bones occurs systematically in a
simple structure, and it is easy to observe these cells and their
progenitors by employing transgenic lines.
Our ﬁndings suggest 2 important roles of osteoblasts to controlosteoclast behaviors, which roles orchestrate the turnover of at-
tachment bones during tooth replacement. One was the role of
regulating the timing of osteoclast differentiation. Our results
showed that osteoclast progenitors, which were c-fms-a positive
and TRAP negative, were localized at tooth germs where osteo-
blasts had not yet emerged. Corresponding to tooth eruption, os-
teoblasts gathered to generate a new attachment bone; which cells
were located close to osteoclast progenitors. Subsequently, these
osteoclast progenitors differentiated into TRAP-positive osteoclasts
that resorbed the attachment bone. These data suggested that the
initiation of differentiation of osteoclast progenitors into TRAP-
positive bone-resorbing mature osteoclasts was regulated by the
emergence of active osteoblasts, which restricted the localization
of osteoclasts on the bone. The other role of osteoblasts was the
support of osteoclasts. Our ablation experiment suggested that
osteoblasts produced an unknown factor for maintenance of os-
teoclasts. It was reported that M-CSF plays a role in osteoclast
survival (Fuller et al., 1993), and our results on the c-fms-a mutant
in the adult medaka revealed that many osteoclasts had dis-
appeared, indicating that M-CSF was likely this factor.
As for c-fms (M-CSF receptor), there are 2c-fms′, c-fms-a and c-
fms-b, in medaka; although zebraﬁsh have only one c-fms. Based
on a DNA sequence search, c-fms-a showed the higher homology
than did c-fms-b to human c-fms (data not shown), and c-fms-a
expression was found in TRAP-positive osteoclasts. Therefore, we
propose that c-fms-a is the counterpart of mammalian c-fms. On
the other hand, our recent data on the double knock-out medaka
for c-fms-a and b revealed more severe abnormal phenotypes in
bone modeling of neural and hemal arches because of disruption
of bone resorption (Chatani et al., manuscript in preparation), in-
dicating that c-fms-b was also involved in osteoclastogenesis. We
will further perform experiments to reveal the distinct function of
c-fms-a and -b. In another respect, the existence of another pro-
liferation factor is possible, as in the case of chondroclasts that are
independent of M-CSF or RANKL in their differentiation into os-
teoclasts (Knowles et al., 2012; Ota et al., 2009). Taken together,
our results suggested that osteoclasts required M-CSF and/or this
unknown factor for maintenance, because osteoclasts must reside
on the bone a long time to resorb attachment bones in the adult.
Interestingly, in the c-fms-a mutant, in which most of its osteo-
clasts had disappeared, the total size of pharyngeal bone and the
rate of bone formation were not different from those of the wild-
type ﬁsh, indicating that the osteoclasts had not played a sig-
niﬁcant role in the determination of bone size. This result sug-
gested that osteoblasts played the main role in the turnover of
attachment bones.
In conclusion, we demonstrated the existence of communica-
tion between osteoblasts and osteoclasts in the turnover of at-
tachment bones during tooth replacement, and a further study
will be needed to reveal the nature of this unknown factor derived
from osteoblasts.Acknowledgments
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